We report that interleukin 4 (IL-4) inhibits the propagation of non-syncytia-inducing and increases the propagation of syncytia-inducing HIV-1 isolates by two mechanisms. It differentially regulates the two major HIV-1 coreceptors, CCR5 and CXCR4, in human peripheral blood mononuclear cells, increasing CXCR4 and decreasing CCR5 expression in primary CD4(؉) T-lymphocytes. In addition, IL-4 stimulates the expression of all HIV-1 isolates via a transcriptional activation mechanism. The combination of these effects results in increased propagation of CXCR4-using and inhibition of CCR5-using HIV-1 strains. IL-4 also activates HIV-1 expression in primary monocytes͞macrophages but does not affect CCR5 expression. These results identify IL-4 as an important regulator of HIV-1 and suggest a critical role for this cytokine in the control of viral evolution and in the phenotypic switch from non-syncytia-inducing to syncytiainducing, which leads to accelerated disease progression.
HIV-1 isolates have been classified as rapid͞high or syncytiainducing (SI) and slow͞low or non-SI (NSI) (1-3) according to their biological phenotype. The main coreceptors for NSI and SI virus entry are the chemokine receptors CCR5 and CXCR4, respectively (4) (5) (6) (7) (8) (9) . NSI viruses are more likely to be transmitted and are found early after infection in most infected individuals. In contrast, SI viruses are usually present in the later stages of disease, and their appearance is associated with increased viral load and poor prognosis (10) (11) (12) (13) . A switch from NSI to SI has been demonstrated in a majority of HIV-1 infected individuals, but the mechanism regulating this process is poorly understood.
Although the loss of T lymphocytes with helper function is a central feature of HIV-1 infection, other signs of immune dysregulation, such as early loss of cellular responses to recall antigens, polyclonal B cell activation, and hypergammaglobulinemia are present in all HIV-1-infected individuals (14) (15) (16) and can be attributed to T H 2 produced cytokines [interleukin (IL)-4, IL-5, and IL-13]. A switch to T H 2 immune responses has been proposed to be important in AIDS pathogenesis (17) , although a T H 0 state or abnormal pattern of cytokine production have been also reported (18) (19) (20) . Increased production of IL-4, the primary T H 2-defining cytokine, has been demonstrated by intracellular staining (21, 22) , in situ hybridization (23) , and by increased frequency of T cell clones with T H 2 phenotype from HIV-1-infected individuals (24) (25) (26) (27) . Higher virus replication correlated with increased IL-4 levels in lymph nodes from infected children (28) .
To evaluate the role of T H 2 cytokines on the propagation of NSI and SI HIV-1 isolates we studied their effects in peripheral blood mononuclear cells (PBMC) and in purified subpopulations under different conditions. We found that IL-4 has differential effects on the expression of CCR5 and CXCR4 and that it also stimulates intracellular pathways leading to increased HIV-1 production. The sum of these effects leads to the decrease of NSI and increase of SI expression in primary lymphocytes.
MATERIALS AND METHODS
Cells, Molecular Clones, and Viral Infections. PBMC from healthy, HIV-1-seronegative blood donor were purified by Histopaque gradient centrifugation (Sigma). The purified cells were stimulated for 3 days with phytohemagglutinin (5 g͞ml).
CD4 ϩ T lymphocytes were positively selected with magnetic beads coated with anti-human CD4 antibodies (Dynabeads M-450CD4, Dynal). The purified cells were cultured in the presence of IL-2 alone or with the addition of recombinant human IL-4 (1.5 units͞ml, Boehringer Mannheim) every 2 days. Monocyte-derived macrophage cultures were established as described (29) .
The tat(Ϫ) molecular clone was derived from HXB-2 and contains 10 point mutations introducing 7 stop codons throughout the first exon of the tat gene. The Rev(Ϫ)RRE(Ϫ) infectious molecular clone contains the previously described heterologous posttranscriptional control element CTE in the nef region (30) . The nef(Ϫ) molecular clone was derived from pNL4-3 (31) . pNL43GFP11 expresses the green fluorescent protein (GFP) mutant GFPsg11 (32, 33) as a fusion protein with the 24 N-terminal amino acids of Nef.
For viral infections, 10 7 phytohemagglutinin-stimulated PBMC were incubated at 37°C with 1 ml of cell-free supernatants from HIV-1-infected PBMC or transfected 293 cells. After a 2-hr incubation, the cells were washed twice with PBS and resuspended in RPMI 1640 medium B supplemented with IL-2 (5 units͞ml, Boehringer Mannheim) at a density of 10 6 cells͞ml. Each infected sample was split into two independent cultures, one of which was treated with human recombinant IL-4 (1.5 units͞ml, Boehringer Mannheim). For blocking experiments, an anti-IL-4 neutralizing mAb (PharMingen) and the soluble form of the IL-4 receptor (IL-4R) were used at a concentration of 200 ng͞ml and 100 ng͞ml, respectively. Viral replication was monitored by measuring p24 gag in culture supernatants by a commercial ELISA kit (Cellular Products) at the indicated time points. The following clinical isolates were obtained through the AIDS RNase Protection Assay. Total RNA from CD4 ϩ T lymphocytes or primary macrophages was extracted by the RNazol procedure. For CCR5 mRNA analysis, 5 g of total RNA were hybridized to radiolabeled probes produced by an in vitro transcription kit (PharMingen), and digested with ribonuclease. Samples were electrophoresed on 5% acrylamide 7 M urea gels. Cellular transcripts glyceraldehyde-3-phosphate dehydrogenase and L32 were used as internal controls. For quantification of CCR5 mRNA expression, the amount of RNA per sample was normalized to the control glyceraldehyde-3-phosphate dehydrogenase or L32 by using the IMAGEQUANT program. (Fig. 1C) . Furthermore, the use of an IL-4 mutant able to bind to the IL-4R but lacking biological activity (34) demonstrated that receptor signaling is required for the IL-4 effect on viral expression, excluding the possibility that IL-4R occupancy interferes with entry of the down-regulated HIV-1 strains (Fig.  1C) .
RESULTS

IL-4 Stimulates
To investigate whether primary HIV-1 isolates were regulated by IL-4 in a similar way, we examined sequential isolates obtained over a period of several years from HIV-1 infected individuals with different clinical course. Infection studies with HIV-1 isolates from three representative patients, a rapid progressor with SI virus, a nonprogressor with NSI and a patient that switched from NSI to SI are shown in Fig. 1 D-F , respectively. Sequential isolates from nonswitching individuals with either SI or NSI showed consistent up-or downregulation by IL-4, respectively. In the third patient, switching correlated with a change in the pattern of regulation mediated by IL-4 (Fig. 1F) . Similar regulation of HIV by IL-4 was found using 17 sequential HIV-1 isolates from three additional patients (data not shown). Fig. 1F , that switched from NSI to SI. In contrast to the results in T lymphocytes, all clinical isolates were upregulated by IL-4 in blood derived macrophages irrespective of their biological phenotype (Fig. 1G) . Because SI HIV-1 clinical isolates are heterogeneous mixtures of viral variants able to use either CCR5 or CXCR4 as coreceptors, we extended our studies to HIV-1 strains restricted to CCR5 (BaL) or CXCR4 (NL4-3) coreceptor usage. These experiments established that the effect of IL-4 on HIV-infected primary macrophages is stimulatory in all cases (Fig. 1H) .
IL-4 Stimulates All HIV-1 Variants in Primary Macro
IL-4 Down-Regulates CCR5 in Primary CD4 ؉ T Lymphocytes. Because the SI and NSI HIV-1 isolates use primarily the chemokine receptors CXCR4 and CCR5 for entry, respectively (4-9), we studied the effect of IL-4 on the expression of these receptors by FACS analysis of both PBMC and purified CD4 ϩ T cells. In all cases, we measured a 2-to 5-fold decrease in the number of CCR5-expressing cells in the presence of IL-4 ( Fig. 2 and Table 1 ). FACS analysis after double staining with anti-CCR5 antibodies and phosphatidylethanolamineconjugated anti-CD45RO demonstrated, in agreement with a recent report (35) , that CCR5 expression is mainly restricted to cells expressing CD45RO antigen (Fig. 2B) . The CCR5 down-regulation induced by IL-4 was more prominent in CD4(ϩ) than in CD4(Ϫ) cells (5-vs. 2-fold decrease, respectively, Fig. 2 ). No changes in the levels of CD3, CD4, CD45RO, CD45RA, or CD28 were detected in IL-4-treated cultures.
To study the mechanism of CCR5 down-regulation, we analyzed the levels of expression of CCR5 mRNA in primary lymphocytes by an RNase protection assay (Fig. 3 A and B) . These experiments showed a 2-to 4-fold down-regulation of CCR5 RNA after 3 to 7 days of IL- The assays were performed as in Fig. 2A . The mouse mAb 12G5(45) was used for CXCR4 detection. MFI, mean fluorescence intensity. The values shown were obtained from the complete phytohemagglutinen-stimulated PBMC samples. (1998) macrophages, demonstrating that the IL-4 effect on CCR5 is cell type specific ( Fig. 3 C and D) . In contrast to our findings with CCR5, the number of CXCR4-positive cells did not change significantly in the IL-4-treated PBMC, whereas the overall expression of the CXCR4 receptor increased 35-40% at the single-cell level as demonstrated by the increased mean fluorescence intensity in the positive cell population (Table 1) . Because the expression of CXCR4 in the absence of IL-4 treatment was already high, the impact of CXCR4 up-regulation on HIV-1 infection is unclear. Other tested cytokines (IL-5, IL-10, and IL-13) did not affect the expression of either CCR5 or CXCR4 under the same experimental conditions (data not shown).
IL-4 Activates HIV-1 Transcription. The selective inhibition by IL-4 of HIV-1 strains with NSI phenotype was reminiscent of that described for the CC-chemokines RANTES, MIP-1␣, and MIP-1␤ (36) . To study any potential chemokine involvement, we measured the levels of CC-chemokines in culture supernatants of uninfected or JR-CSF infected human PBMC in the presence of IL-4. No significant changes were detected, excluding the possibility that NSI inhibition by IL-4 is caused by increased concentrations of the natural ligands for CCR5 (data not shown).
To investigate whether the IL-4 effects on HIV-1 are mediated exclusively through the regulation of the HIV-1 coreceptors, we infected PBMC with different HIV strains, and after 2 days treated the cells with 1 M 3Ј-azido-3Ј-dioxythymidine. These culture conditions block viral spread and allow the study of IL-4 effects on postintegration steps of the viral life cycle. The results demonstrated that, under these conditions, IL-4 increased the expression of both SI and NSI isolates of HIV-1 ( Table 2) . We also transfected CD4(Ϫ) human 293 cells with DNA molecular clones of HIV-1, thus bypassing entry and early events in the viral life cycle. In agreement with the results of the 3Ј-azido-3Ј-dioxythymidinetreated PBMC, IL-4 treatment of cells transfected with either the SI NL4-3 or the NSI JR-CSF resulted in increased expression of both molecular clones (Fig. 4) . These experiments strongly suggested an additional mechanism by which IL-4 was able to increase the expression of all HIV-1 isolates.
To further analyze the mechanism of IL-4 up-regulation, we used HIV-1 molecular clones with mutations in the regulatory genes tat, rev. or nef. An IL-4-mediated increase in viral replication was observed in PBMC-infected with either the rev-independent or the nef(Ϫ) HIV-1 clones (Table 3) . To study the effect of Tat, we transfected a tat(Ϫ) HIV-1 molecular clone into human 293 cells, which allow efficient Tatindependent HIV-1 expression. Addition of IL-4 failed to increase viral expression (Fig. 4) . The supernatant from the transfected cells was used to infect PBMC. This resulted in low levels of viral expression, which did not increase upon IL-4 treatment (Table 3 ). These results indicated that the presence PHA-stimulated PBMC were infected with NL4-3 or JR-FL as described. At 2 days postinfection, the cells infected with each of the viruses were washed with PBS and split into four independent cultures. These cultures were kept untreated or were treated with IL-4 (1.5 units͞ml). 3Ј-azido-3 ϩ -dioxythymidine (1 M), or IL-4 ϩ AZT 3Ј-azido-3Ј-dioxythymidine, respectively. p24gag concentrations in cellfree supernatants were measured at 7 days posttreatment. Similar results were obtained in two independent experiments. of Tat is required for the stimulatory effect of IL-4 on HIV-1 expression.
We obtained additional evidence of increased HIV-1 transcriptional activity in the presence of IL-4 by using NL43GFP11, an infectious NL4-3-derived molecular clone tagged with a GFP mutant in the nef region. FACS analysis of PBMC infected with NL43GFP11 demonstrated that IL-4 treatment increased both the proportion of infected cells and the intracellular concentration of GFP per cell (Fig. 5) . These results suggest that IL-4 increases HIV-1 expression via a Rev-independent but Tat-dependent mechanism. The observed activation of 2-fold per infection cycle can result in high induction over several cycles of virus propagation.
DISCUSSION
The ability of cytokines to influence HIV-1 propagation has been studied extensively (37) . Despite this, the effects of IL-4 and the other T H 2 cytokines on HIV-1 of different biological phenotypes in primary cells have not been fully elucidated. The present studies show that IL-4 affects HIV-1 expression in primary cells via multiple mechanisms. IL-4 activates directly viral expression of all HIV-1 isolates through a transcriptional mechanism. In addition, IL-4 down-regulates CCR5 expression in T cells, thus inhibiting infection by NSI HIV-1 isolates. In macrophages, where IL-4 treatment failed to down-regulate CCR5 expression, a stimulatory effect for both NSI and SI viruses was observed after treatment with this cytokine.
The importance of CCR5 in HIV-1 transmission has been demonstrated by epidemiological studies showing resistance to HIV-1 infection by individuals homozygous for a deletion in this gene (38) (39) (40) . Therefore, it is anticipated that the downmodulation of CCR5 will have a strong impact on viral propagation. A correlation between low expression of CCR5 and reduced infectibility of T cells by HIV-1 isolates of NSI phenotype has been reported (41) . The combination of the IL-4 effects on viral and cellular genes results in up-regulation of SI and down-regulation of NSI HIV-1 isolates. These results suggest that IL-4 may be involved in the switch from NSI to SI and is an important factor for viral evolution in vivo and AIDS pathogenesis. The increased susceptibility of IL-4-treated macrophages to infection with SI variants is an additional indication that IL-4 is an important factor in the emergence and maintenance of CXCR4-using HIV strains.
The appearance of SI variants that takes place in more than half of HIV-1-infected individuals is a sign of poor prognosis and correlates with faster CD4 ϩ cell depletion and rapid disease progression (10) (11) (12) (13) . Increased IL-4 production in lymphatic tissues may transcriptionally activate the expression of all HIV-1 quasispecies. Because of CCR5 down-regulation, NSI viruses could be eventually counterselected. Combination of the two mechanisms should result in a viral population enriched in HIV-1 variants that are able to infect through coreceptors other than CCR5. Therapeutic interventions against virus entry by targeting the HIV-CCR5 interaction may soon be possible. In such interventions the possibility of an accelerated selection for SI variants, leading to a more aggressive disease course should be considered.
Because IL-4 plays a central role in determining the phenotype of naive T cells, and it is the principal inducer of T H 2 state (42), our results also suggest that the induction of T H 2 phenotype may correlate with CCR5 down-regulation. The absence of CCR5 expression among activated T H 2 lymphocytes may result in protection of these cells against infection with NSI HIV-1 isolates and may be one reason for the increased frequency of T cell clones with T H 2 phenotype derived from HIV-infected individuals. Indeed, recent data indicate that T H 1 cell clones propagated in vitro do express CCR5 (43, 44) , while T H 2 cell clones express CCR5 less frequently. Such a pattern may protect T H 2 cells from infection by NSI isolates. Our results suggest that IL-4 is directly involved in this differential receptor expression via intracellular mechanisms requiring signaling through the IL-4R. 95 (1998) 
